This report introduces an improved method of detecting chemical-induced morphological transformation of A-31-1-13 BALB/c-3T3 cells. The new procedure uses an increased target cell population to assess chemicalinduced damage by increasing the initial seeding density and by delaying the initiation time of chemical treatment. Furthermore, a newly developed co-culture clonal survival assay was used to select chemical doses for the transformation assay. This assay measured the relative cloning efficiency (RCE) of chemical treatments in high-density cell cultures. In addition, transformation assay sensitivity was enhanced through the use of improved methods to solubilize many chemicals. From a group of 24 chemicals tested in at least two trials, clear evidence of chemical-induced transformation was detected for 12 chemicals (aphidicolin, barium chloride-2H20, 5-bromo-2'-deoxyuridine, C.I. direct blue 15, trans-cinnamaldehyde, cytosine arabinoside, diphenylnitrosamine, manganese sulfate-H20, 2-mercaptobenzimidazole, mezerein, riddelliine, and 2,6-xylidine); 2 chemicals had equivocal activity [C.I. direct blue 218 and mono(2-ethylhexyl)phthalate], 9 chemicals were inactive [carisoprodol, chloramphenicol sodium succinate, 4-chloro-2-nitroaniline, C.I. acid red 114, isobutyraldehyde, mono(2-ethylhexyl)adipate, sodium fluoride, and 12-O-tetradecanoylphorbol-13-acetate), and 1 chemical had an indeterminate response (2,6-dinitrotoluene). All positive responses were detected in the absence of an exogenous activation system and exhibited significant activity at two or more consecutive doses. This report also presents a mathematical method that uses t-statistics for rank-ordering the potency of chemical-induced transformation responses. This model detects sensitivity differences in experiments used to evaluate chemical-induced transformation. Furthermore, it provides a method to estimate a chemical's transformation response in terms of the historical behavior of the assay, as well as its future activity. The most active of the 24 chemicals was mezerein, and the least active chemical was diphenylnitrosamine.
Introduction
The BALB/c-3T3 cell transformation assay design recommended by government agencies (1) and scientific committees (2) has remained essentially unchanged from the method first described by Kakunaga (3) . Although this protocol has been demonstrated to detect some carcinogenic chemicals (4, 5) , it has a low sensitivity (4) for detecting the diverse group of chemicals screened in the NTP/ NCI rodent bioassay (6) (7) (8) (9) .
The low sensitivity of the standard BALB/c-3T3 transformation assay method has been reproduced in this laboratory. In 1983 and 1984, using the recommended method (1-3) we screened 55 coded chemicals on an interagency contract with the National Institute of Environmental Health Sciences and the Environmental Protection Agency. This group of chemicals contained 2 model chemicals and 53 other chemicals that were being considered at that time for evaluation in the rodent bioassay. The results of our investigations have been presented in abstract format (10) , are summarized in Appendix B, and have confirmed the low sensitivity of the standard assay method.
At the onset of this program, we investigated many different experimental parameters to determine those that affected the sensitivity of the BALB/c-3T3 cells to detect chemical-induced transformation. This report summarizes our findings and describes a new assay procedure that was designed to enhance sensitivity for detecting chemical-induced transformation. The present investigation reports the activities of 24 chemicals that have been tested using the new transformation protocol. This methodology has been also used to test the activities of an additional 166 test chemicals (11, 12) .
Materials and Methods

Cell Culture
The investigations in this report used the 1-13 clone ofA31 BALB/c-3T3 cells (13, 14) . The materials and methods used to culture the cells have been previously reported in detail (15) and are summarized in part I of these investigations (17) .
Standard Clonal Survival Assay
The standard clonal survival assay was used to a) estimate the cytotoxic activity of a test chemical, b) select treatment doses for the preliminary co-culture clonal survival assay described below, c) assess the reproducibility of the chemical-induced cytotoxic responses, and d) determine the relative shift in test chemical cytotoxic responses between high-and low-density cell cultures. The standard clonal survival assay used low-density cultures of BALB/ c-3T3 cells and was conducted according to our modification (15) of the method first described by Kakunaga (3) . Briefly, 200 WT cells were seeded in either 60-mm culture dishes (Corning Science Products, Corning, NY) or 25-cm2 culture flasks (Corning) . The test chemical treatment doses were applied to triplicate cultures for 48 hr beginning 2 days after seeding. Treatments were terminated by removal of the chemical treatment medium, washing the culture vessels twice with Hank's balanced salt solution (HBSS; Quality Biologicals, Gaithersburg, MD) and feeding with culture medium. After a total culture period of 8 days, the vessels were washed with HBSS, fixed with 100% methanol, stained with 10% Giemsa in tap water, and colonies of cells were hand tabulated using an illuminated light box.
Co-culture Clonal Survival Assay
The co-culture clonal survival assay was used to select chemical treatment doses for transformation assays, assess the reproducibility of chemical-induced cytotoxic responses, and verify that the test chemical and positive control treatment doses were cytotoxic in the transformation assay. The procedure used for the co-culture clonal survival assay has been previously reported in detail (11, 13) and is summarized in part III of this series (17) .
Calculation of Cytotoxic Response
The cytotoxic responses of chemicals were compared using the concentration in millimoles that resulted in 50% RCE of chemical-treated cells relative to untreated cultures. This LD50 treatment dose was extrapolated from graphs of dose-related changes in cytotoxic responses of the chemical detected in the co-culture and the standard clonal survival assays.
Transformation Assay
The BALB/c-3T3 cell transformation assay design in this study used our modification (15) of the method first described by Kakunaga (3) . The transformation assay culture vessels were seeded with 3 to assess the reproducibility of dose-related increases of BaP-induced cytotoxic and transforming activities (17) . A total of three to six test chemicals were included in each transformation experiment, and each chemical was tested at four treatment doses in two or more independent trials. The four doses were chosen based on chemical-induced cytotoxic activities detected in the co-culture clonal survival assay. These doses attempted to cover a range of cytotoxic responses of 10-100% RCE. Test chemical, positive control, and solvent control treatments of cell cultures were performed as described for the standard clonal survival assay. Transformation assay culture vessels were fed biweekly with minimal culture media a total of seven times over 3.5 weeks, and the assay was terminated after a total culture period of 28 days.
The transformation assays in this investigation also included additional components to extend the information obtained from each experiment. For example, each transformation experiment had concomitant standard and coculture clonal survival assays, and the purpose of using both assays is explained above. In addition, the transformation assay included seeding density controls (NC-2 and NC-3) of 1.0 x 104 cells/vessel and 3.2 x 103 cells/vessel, respectively. These controls were used to detect crowding effects and preexisting transformed variants that were occasionally detected in transformation assays using wildtype (WT) BALB/c-3T3 cells (16 In addition, the SP response must have included a doserelated increase in activity relative to the experiment solvent control. In contrast to the SP response, a LA transformation response required that a test chemical response was statistically significant at either one treatment dose alone at the 99% confidence level or at two consecutive doses at the 95% confidence level.
An SN transformation response required that a test chemical response did not have a statistically significant increase in transformation responses at any of the four treatment doses. Furthermore, one or more of the chemical treatment doses induced a significant cytotoxic response. A significant cytotoxic response is a test chemical treatment dose that resulted in 50% RCE detected in the co-culture clonal survival assay.
An 
Handling of Test Chemicals
Many chemicals in this investigation had physicochemical properties that could have potentially interfered with them being adequately tested in the BALB/c-3T3 cell transformation assay (see Table 1 ). Therefore, procedures were developed to ensure that all test chemicals would be consistently and adequately evaluated. pH. For example, all test chemicals were evaluated at a physiologic pH. Thus, stock solutions oftest chemicals that altered the physiological pH range of culture medium (i.e., pH 7.2-7.4) were neutralized with concentrated stock solutions of either hydrochloric acid (1 or 5 N HCl) or sodium hydroxide (1 or 5 N NaOH) before their use as dosing solutions. In addition, all test chemical dosing solutions and controls were prepared in a 5-fold concentrated form and rapidly administered in 1 mL of medium to culture vessels containing 4 mL of medium. This procedure avoided wide fluctuations of the pH of medium in the culture vessels during dosing.
Volatility All liquid chemicals have a vapor pressure at 37°C and are volatile at this temperature. Therefore, all liquid chemicals were tested in closed culture flasks to ensure that the chemical treatment doses remained constant throughout the 48-hr treatment period and were in equilibrium with the aqueous culture medium environment.
Chemical Reactivity* Some test chemicals react with strong acids or strong bases (i.e., trans-cinnamaldehyde, 2,6-dinitrotoluene, and sodium fluoride) or with hypochorites (2,6-xylidine; Table 1 ). These problems were of no concern because these reactive chemicals were not used in the assay procedures. In addition, 21 test chemicals that were not included in this investigation were observed to pit, or etch, the plastic culture vessels at the same range of treatment doses used to assess cytotoxic activity (12) . This (15) (16) 18, 22) . These vessels resulted in a distribution of foci/vessel that was abnormal (15) (16) 22) , and they were not statistical outliers relative to the historical behavior of the assay (23) . Several mathematical transformations (24) were investigated, and the historical database for the assay was found not to deviate significantly from a normal distribution of foci/vessel when the data were transformed to the log1o (16) . Thus, before any statistical analyses of the data, one was added to the number of all scored vessels to avoid computational instabilities with the log transformation, and the resulting total was converted to its log1o equivalent value.
Significance of Transformation Responses. The statistical significance of chemical transformation responses was determined by computer in three steps using SAS software (25) . First, an analysis of variance of test chemical and control transforming activities was performed on log1o data using the F-test (18, 24) . Second, the significance of differences of control and chemical-induced transformation responses was calculated using modifications of the Student's t-test, one assuming equal variance (EV) between the control and the chemical response and the other assuming unequal variance (UV) (25) . Use of the EV or UV model was distinguished by an F-test for heterogeneous variance; significant departure (i.e., p<O.05) suggested use of the UV model. Third, the probability of the individual test chemical treatment transformation response exhibiting a significant departure from no effect was determined using the appropriate UV or EV t-statistic. (18) . Nevertheless, the magnitude ofthe BaP response was variable among these experiments, and a portion of this variability correlated with the serum lot used and with the aliquot of cells used to initiate the transformation experiments (18) . Because certain serum lots reduced both the BaP transformation response and the cytotoxicity of BaP, it was not considered to be a serious problem. The serum effect could be overcome by adjustment of the BaP treatment dose concentrations and testing BaP at comparable levels of cytotoxicity. Thus, the serum-dependent effect on cytotoxic responses should not have affected the activities of test chemicals tested at cytotoxic treatment doses in this investigation. In contrast, variability among BaP responses was not correlated to the source of BaP or with the passage level of cultures (18) .
Methods
Because all cells in this investigation were obtained from one cryopreserved pool of cells, ampule-dependent BaP transformation responses demonstrated that capacity to detect chemical-induced transformation was not equal in each experiment (15) . Therefore, BaP responses were sta-tistically compared to the median experiment, and the 110 experiments were rank ordered according to their detection sensitivity for BaP (18 (Table 2) . Therefore, the average rank order of the two experiments was 47.0 (i.e., 75 + 8 + 76 + 29/4 = 47.0). For a total of 110 experiments, the median experiment has an automatic average rank order of 55.0 (i.e., 110/2 = 55.0). Thus, the correction factor for the experimental sensitivity to detect chemicalinduced transformation was 47.0/55.0 or 0.855. Experiments 59 and 95 had a combined statistical sensitivity and detection sensitivity that were slightly above the median of 55.0. Because the correction factor is less than 1, the actual rank t-statistic is not corrected and was left equal to the estimated rank t-statistic. If the correction factor had been more than one, the actual rank t-statistic would have been multiplied by the correction factor to obtain the estimated rank t-statistic. A justification for this correction factor has been reported (18) .
Results
Cytotoxic Responses of 24 Test Chemicals
The cytotoxic responses of 24 test chemicals were assessed using standard and co-culture clonal survival assays. The cytotoxic response data derived from the coculture assay was most important because these data measured clonal survival of chemical-treated cells in the high-density cell cultures used in the transformation assay. Thus, this assay was used not only to select treatment doses for the transformation assay, but also to verify that the test chemical treatments had an acceptable bMost of the chemicals were tested in 110 sequential experiments using a standard procedure (16, 18) ; however, certain chemicals were tested in experiments that compared the standard protocol to an alternative method (e.g., experiments labeled DRI, IP eThe method used to call individual transformation experiments is described in detail in Materials and Methods. The method used to rank-order the BaP transformation responses from the 110 experiments is based on statistical comparison of the BaP transformation at the two treatment doses detected in an individual experiment with the mean historical activity of the assay (18) . The rational for rank-ordering the experiments is analogous to that described for the spontaneous transformation responses (16 oxidized when exposed to air (trans-cinnamaldehyde, isobutyraldehyde, and riddelliine). This problem could be partially avoided by storing the chemicals under an inert atmosphere, but it could not be avoided in an assay that has a 48 hr, 37°C, treatment period in a 95% air atmosphere. Second, one of the test chemicals, barium chloride, only exhibited significant cytotoxic activity (< 50% RCE) at treatment doses above its solubility limit in medium. Thus, this chemical was tested at treatment doses both above and below its solubility limit.
Transforming Activities of 24 Test Chemicals
The variable spontaneous and BaP-induced transformation responses detected in these experiments have been reported as part of a total of 110 experiments (15, 16 Table 2 ). ities of trials 1 and 2 were 56 and 54/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were not determined (ND) and 44/110, respectively (Table 2) . In a preliminary trial 1, the test chemical was tested at widely spaced treatment doses, and it had an LA transformation response. In trial 2, the chemical had an SP transformation response. Aphidicolin was evaluated as very active in the transformation assay, and its actual and estimated rank t-statistics were 5.13 and 5.38, respectively (Table 3) . Barium chloride-2H20. Barium chloride-2H20 was a moderately cytotoxic chemical with an average LD50 of 1.70 mM and one technical problem (Table 1 ). It had a solubility limit of about 400 ,ug/mL in medium; thus, it was tested for cytotoxic and transforming activities at treatment doses both below and above this limit. The statistical sensitivities of trials 1 and 2 were 55 and 11/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 8 and 39/110, respectively (Table 2 ). In a preliminary trial 1, the chemical was tested at two doses above the solubility limit and had an SP transformation response. In trial 2, the chemical was tested with only one dose above the solubility limit, and it had an LA transformation response. Barium chloride-2H20 was evaluated as active in the transformation assay, but only at doses above its solubility limit in culture medium. Its actual and estimated rank t-statistics were both 3.17 (Table 3) .
5-Bromo-2'-deoxyuridine. 5-Bromo-2'-deoxyuridine was a very cytotoxic, light-sensitive chemical with an average LD50 of 0.0612 mM and no insurmountable technical problems (Tlable 1). The statistical sensitivities of trials 1-3 were 102, 52, and 8/110, respectively; the detection sensitivities for BaP oftrials 1-3 were ND, ND, and 29/110, respectively (Table 2) . In a preliminary trials 1 and 2, the chemical had an SP transformation response. In trial 3, the chemical had an unexpectedly low LA transformation response. 5-Bromo-2-deoxyuridine was evaluated as very active in the transformation assay, and its actual and estimated rank t-statistics were both 7.35 (Table 3) .
Carisoprodol. Carisoprodol was a moderately cytotoxic chemical with an average LD50 of 3.33 mM with no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 88 and 34/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 77 and 45/110, respectively (Table 2 ). In trials 1 and 2, the chemical had SN transformation responses. Carisoprodol was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were 0.92 and 0.98, respectively (Table 3) .
Chloramphenicol Sodium Succinate. Chloramphenicol sodium succinate was a moderately cytotoxic chemical with an average LD50 of 5.62 mM and no insurmountable technical problems (Table 1 ). The statistical sensitivities of trials 1 and 2 were 65 and 97/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 32 and 94/110, respectively (Table 2) . In trial 1, the chemical had an SN transformation response, and in trial 2, which had a relatively low sensitivity to detect chemical-induced transformation, the chemical also had an SN transformation response. Chloramphenicol sodium succinate was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were 0.29 and 0.38, respectively (Table 3) .
4-Chloro-2-Nitroaniline. 4-Chloro-2-nitroaniline was a cytotoxic chemical with an average LD50 of 0.638 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 88 and 11/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 77 and 39/110, respectively (Table 2 ). In trials 1 and 2 the chemical had SN transformation responses. 4-Chloro-2-nitroaniline was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were both 0.08 (Table 3) .
C. I. Acid Red 114. C. I. Acid red 114 was a cytotoxic chemical with an average LD50 of 0.719 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 92 and 85/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 72 and 102/110, respectively (Table 2 ). Thus, trials 1 and 2 had relatively low sensitivities to detect chemical-induced transformation. In trials 1 and 2, the chemical had SN transformation responses; therefore, C.I. acid red 114 was evaluated as inactive in the transformation assay. The chemical's actual rank t-statistic was 0.77, and due to the low sensitivities of the two experiments, the estimated rank t-statistic was 1.23 (Table 3) . Thus, C.I. acid red 114 had the highest probability of the nine inactive chemicals of exhibiting activity in a third experiment.
C Table 2) . In trial 1, the chemical had an LA transformation response. In trial 2, which had a relatively low sensitivity to detect chemicalinduced transformation, the chemical also had an LA transformation response. Thus, C.I. direct blue 218 was evaluated as having equivocal activity in the transformation assay. The chemical's actual rank t-statistic was 2.07; however, the estimated rank t-statistic was 3.11 (Table 3) . Thus, the low sensitivity of the second trial makes it highly probable that this test chemical could exhibit activity in a third experiment.
Trans-Cinnamaldehyde. Thans-cinnamaldehyde was a very cytotoxic chemical with an average LD50 of 0.0535 mM and many physicochemical properties that required special attention (Table 1) . Although most of these technical problems could be overcome, the chemical was reported to be oxidized in air. Due to the long treatment period of 48 hr at 37°C in a 95% air atmosphere, it is likely that the chemical tested in this investigation included both the parent chemical and some of its oxidative by-products. The statistical sensitivities of trials 1 and 2 were 4 and 18/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 1 and 31/110, respectively (Table 2 ). In a preliminary trial 1 which had a relatively high sensitivity to detect chemical-induced transformation, the chemical had an LA transformation response. In trial 2, which also had a relatively high sensitivity to detect chemical-induced transformation, the chemical had an SP transformation response. Therefore, trans-cinnamaldehyde was evaluated as active in the transformation assay. Its actual and estimated rank t-statistics were 3.85 (Table 3) .
Cytosine Arabinoside. Cytosine arabinoside was a very cytotoxic chemical with an average LD50 of 0.000601 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1, 2, and 3 were 90, 52, and 8/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were ND, ND, and 29/110, respectively ( Table  2 ). In trials 1-3 the chemical had an SP transformation response. Therefore, cytosine arabinoside was evaluated as very active in the transformation assay, and its actual and estimated rank t-statistics were both 8.35 (Table 3) .
2,6-Dinitrotoluene. 2,6-Dinitrotoluene was a moderately cytotoxic chemical with an average LD50 of 2.03 mM and no insurmountable technical problems ( Table 1) . The statistical sensitivities of trials 1 and 2 were 56 and 29/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 105 & 97/110, respectively (Table 2) . In a preliminary trial 1, which had a relatively low sensitivity to detect chemical-induced transformation, the chemical did not induce significant cytotoxic activity and was evaluated as having an unacceptable LN transformation response. Trial 2 also had a relatively low sensitivity, but the chemical treatments had significant cytotoxic activity. Trial 2 was evaluated as an SN transformation response. Therefore, 2,6-dinitrotoluene was evaluated as having an indeterminate activity in the transformation assay, and it has to be tested in a third experiment before its activity in the BALB/c-3T3 cell transformation can be clearly defined. The actual and estimated rank t-statistics were both 0.00 (Table 3) .
Diphenylnitrosamine. Diphenylnitrosamine was a cytotoxic chemical with an average LD50 of 0.479 mM and no insurmountable technical problems ( Table 1) . The statistical sensitivities of trials 1 and 2 were 21 and 56/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 21 and 109/110, respectively (Table 2 ). In a preliminary trial 1, which had a relatively high sensitivity to detect chemical-induced transformation, the chemical had an SP transformation response. In contrast, trial 2 had a low sensitivity to detect chemical-induced transformation, and the chemical had an SN transformation response. Although this chemical had disparate responses in two transformation experiments, there was no significant difference in the mean t-statistic of the two experiments. Furthermore, the chemical exhibited increased transformation responses in the same range of doses in trial 2 that were statistically significant in trial 1. Therefore, diphenylnitrosamine was evaluated as weakly active in the transformation assay, and its actual and estimated rank t-statistics were both 1.40 (Table 3) . Therefore, this chemical was the least active ofthe 12 active chemicals, and it had the lowest probability of the 12 active chemicals of being active in a third experiment.
Isobutyraldehyde. Isobutyraldehyde was a moderately cytotoxic chemical with an average LD50 of 4.37 mM and several technical problems (Table 1) . Although most of the technical problems could be overcome, the chemical was reported to be oxidized in air. Due to the long treatment period of 48 hr at 37°C in a 95% air atmosphere, it is likely that the chemical tested in this investigation included both the parent chemical and some of its oxidative by-products. The statistical sensitivities of trials 1 and 2 were 9 and 28/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 37 and 15/110, respectively ( Table 2 ). In trials 1 and 2, which had a relatively high sensitivities to detect chemical-induced transformation, the chemical had an LA and SN transformation responses. Therefore, isobutyraldehyde was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were both 1.05 (Table 3 Table 2) . In a preliminary trial 1, the chemical had an SP transformation response. In trial 2, which had a relatively low sensitivity to detect chemical induced transformation, the chemical also had an SP transformation response. Therefore, 2-mercaptobenzimidazole was evaluated as very active in the transformation assay, and its actual and estimated rank t-statistics were 2.79 and 3.49, respectively (Table 3) .
Methdilazine-HCI. Methdilazine-HCl was a very cytotoxic chemical with an average LD50 of 0.0314 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 61 and 104/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 47 and 90/110, respectively (Table 2) . In a preliminary trial 1, the chemical had an SN transformation response. In trial 2, which had a low sensitivity to detect chemical-induced transformation, the chemical had an SN transformation response. Therefore, methdilazine was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were 0.61 and 0.84, respectively ( (Table 2) . In a preliminary trial 1, which had a very high sensitivity to detect chemical-induced transformation, the chemical had an LA transformation response. In trial 2, which also had a relatively high sensitivity to detect chemical-induced transformation responses, the chemical also had an LA transformation response. Therefore, mono(2-ethylhexyl)phthalate was evaluated as having equivocal activity in the transformation assay, and its actual and estimated rank t-statistics were both 2.08. Thus, of the two test chemicals with equivocal activity in this investigation, this chemical had a lower probability of being active in a third transformation experiment than C. I. direct blue 218 (Table 3) .
Riddelliine. Riddelliine was a moderately cytotoxic chemical with an average LD50 of 4.78 mM and several technical problems (Table 1) . Although most of these problems could be surmounted, the chemical was reported to be oxidized by air. Because the chemical is exposed to a long treatment period of 48 hr at 37°C in a 95% air atmosphere, it is highly likely that the chemical tested in this investigation included both the parent chemical its and oxidative byproducts. The statistical sensitivities of trials 1 and 2 were 64 and 108/110, respectively. The detection sensitivities for BaP of trials 1 and 2 were 84 and 99/110, respectively (Table 2) . In a preliminary trial 1, the chemical had an SP transformation response. In trial 2, which had a very low sensitivity to detect chemical-induced transformation, the chemical had an LA transformation response. Therefore, riddelliine was evaluated as active in the transformation assay. Due to the relatively low sensitivity of the second trial, the estimated rank t-statistic was 4.73 and much higher than the actual rank t-statistic of 2.94 (Table 3) . Sodium Fluoride. Sodium fluoride was a moderately cytotoxic chemical with an average LD50 of 2.31 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 47 and 62/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 43 and 48/110, respectively ( Table 2 ). In a preliminary trial 1, the chemical had an SN transformation response, and in trial 2 the chemical had an LA response. Therefore, sodium fluoride was evaluated as inactive in the transformation assay, and its actual and estimated rank t-statistics were both 0.84 (Table 3) .
12-O-Tetradecanoyl-Phorbol-13-Acetate. 12-O-Tetradecanoyl-phorbol-13-acetate (TPA) was a very cytotoxic chemical with an average LD50 of 0.0145 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 47 and 29/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 43 and 105/110, respectively (Table 2 ). In trials 1 and 2, the chemical had SN transformation responses. Therefore, TPA was evaluated as inactive in the transformation assay;,and its actual and estimated rank t-statistics were both 0.00 (Table 3) .
2,6-Xylidine. 2,6-Xylidine was a moderately cytotoxic chemical with an average LD50 of 4.86 mM and no insurmountable technical problems ( Table 1 ). The statistical sensitivities of trials 1 and 2 were 44 and 73/110, respectively; the detection sensitivities for BaP of trials 1 and 2 were 65 and 49/110, respectively (Table 2 ). In a preliminary trial 1, the chemical had an LA transformation response. In trial 2, the chemical had an SP transformation response. Therefore, 2,6-xylidine was evaluated as active in the transformation assay, and its actual and estimated rank t-statistics were 2.35 and 2.47, respectively (Table 3) .
Discussion
This investigation reports the results of using a new sensitive method to detect cytotoxic (17) and transformation responses (10,11) of 24 test chemicals using a clone A31-1-13 of BALB/-3T3 cells (13) (14) (15) (Tables 2 and 3 ).
The transformation assay evaluation criteria for a single transformation assay trial are explained in Materials and Methods. These four criteria were modeled after the rodent bioassay evaluation criteria used U. S. Environmental Protection Agency (EPA) Gene-Tox Program Report (8) , and consist of sufficient positive, limited activity, sufficient negative, and limited negative responses. These four responses can be used to evaluate either the type III focus transformation response or transformation responses that include type I and II foci. The majority of test chemicals that induced SP transformation responses in this investigation had their highest activity detected at treatment doses that were moderately cytotoxic to the cells (11); therefore, it was necessary to examine all test chemicals at treatment doses that resulted in significant cytotoxic responses (i.e., at the LD50 dose level detected in the co-culture clonal survival assay). The difference between the SP and LA transformation responses related to the appearance of statistically significant transformation responses at consecutive treatment doses. The SP response had a statistically significant response at two or more consecutive treatment doses, whereas the LA response had only one dose with significant (p <0.01) activity. Iftest chemical treatments were not cytotoxic and significant transformants were not observed, then the experiment was unacceptable and evaluated as having an LN response. The SN response was assigned to inactive test chemicals that had a significant cytotoxic response.
Nevertheless, the most important criterion for determining the presence or absence of activity in a BALB/ c-3T3 cell transformation assay is not the result of a single transformation assay trial, but rather the results obtained in two or more independent experiments (11). Although some chemicals induced transformation responses at two or more treatment doses that were 10-fold above the spontaneous transformation response, most active chemicals had less obvious responses. Therefore, relatively small increases in the frequency of chemical-induced transformants had to be determined statistically, and the repeatability of chemical responses in two experiments was considered as the most convincing evidence for activity in the BALB/c-3T3 transformation assay.
In the process of considering the traditional methods of analysis of chemical-induced transformation of BALB/-3T3
(1-5) and C3H1OT1/2 (19) cells, as well as genotoxic effects of chemicals in other in vitro systems, a critical flaw was observed when data were combined from multiple trials. These methods assumed that independent trials had identical sensitivities to measure phenotypic changes. However, a historical analysis of the BALB/c-3T3 cell transformation assay revealed that the frequency of spontaneous and positive control observations were highly variable (15, 18) . Furthermore, when the phenotypic frequency of the spontaneous control varied, it affected the inherent statistical sensitivity of the experiment (16 Thus, the transformation assay response calls of SP, LA, SN, and LN should only be used to evaluate the activity from a single experiment. The data from two experiments should be evaluated by examining the relative significance of activities in replicate trials. If these activities in two experiments are comparable, then test chemicals can be judged as having been highly active, active, equivocal activity, and inactive in the assay. If the results of the two experiments are disparate, then a third trial may be required to determine which of the first two experiments represents the activity of the test chemical.
Second, the use of mean t-statistics permits an assessment of the relative reproducibility of these observations with different types of chemicals. For example, one could compare the reproducibility of mean t-statistics of test chemicals with different solubilities in culture medium, different volatilities, and different inherent cytotoxic activities to the target cells. Third, rank-ordered responses for active chemicals detected in two experimental trials permits one to predict the relative probability of each chemical being active in a third trial. Although the third trial is not required to determine the activity of the chemical in the assay, it could be conducted in a different laboratory to determine the reproducibility of the results obtained in the current investigation. An active chemical with a high estimated rank t-statistic, like mezerein (rank t-statistic = 13.7), would have a high probability to have repeatable positive response in the assay (Table 3) . Conversely, a chemical with a low estimated rank t-statistic, like diphenylnitrosamine (rank statistic = 1.40), would have a far lower probability of being active in a third trial and could even be inactive in that experiment. Likewise, test chemicals with equivocal responses, such as C. I. direct blue 218 and mono(2-ethylhexyl)phthalate, had different probabilities of being active in the third trial (Table  3) . Finally, the rank t-statistics permitted the ranking of chemicals that were inactive in the assay in terms of their probability ofbeing detected in a third experiment. Among the nine inactive chemicals in this study, C.I. acid red 114 had an estimated rank t-statistic of 1.23, and it had the highest probability of being detected in a third trial (Table  3) .
The mechanism by which 12 different chemicals induced significant transformation of BALB/c-3T3 cells is best understood by comparing these data with the data pres-ented in reports on detection of spontaneous (16) and BaPinduced transformation (18) under identical experimental conditions. The data presented in both of these investigations suggested, but did not prove, that spontaneous and BaP-induced transformation were the result of mutagenic change in the WT cells. According to this theory, the WT cells were genetically altered, and a permanent phenotypic change occurred that allowed the mutated or transformed cell to grow within a contact-inhibited monolayer of cells. Nevertheless, the genetic lesion and the gene product are not identified. The hypothesis was based totally on theoretical considerations of data obtained in many experiments that were conducted under several different experimental conditions.
In conclusion, this report presents mathematical methods using t-statistics that may be used to interpret and analyze the biological effects and activities of chemicals in assays using cultured mammalian cells. The report also summarized the cytotoxic and transformation responses of 24 test chemicals in a new experimental protocol for the BALB/c-3T3 cell transformation assay. In two or more independent experiments, 12 chemicals were active, 2 chemicals had equivocal evidence of activity, 9 chemicals were inactive, and 1 chemical had an indeterminate activity in the assay (Table 3) . Using t-statistics, the relative potency of chemical transformation responses in groups of chemicals with different activities was determined. Although the data in this report are limited to a relatively small group of 24 chemicals, the same methods have been used to interpret the cytotoxicity and transformation responses >200 test chemicals (11, 12) . 27. Heidelberger, C., Freeman, A. E., Pienta, R. J., Sivak, A., Bertram, J. Appendix A. 59 (15) 110 (15) 91 (15) 32 (15) 40 (30) 152 (20) 115 (20 127 (20) 75 (20) 6 (12, 20) 4 (9, 20) 7 (20) 24 (20) 24 (20) 150 (20) 126 (20) 6. 14** (40) 128 (20) 71 (20) . (20) 15 (20) 31 (20) 22 (40) 128 (20) 71 (20) 21 ( 33 (20) 36 (20) 18 (20) 17 (20) (8, 18) 72 (18) 62 (18) 39 (18) 150 (71) .189 2.97* 3.13*** 1.90 1.52 6 (20) 5 (20) 3 (19) 4 (20) 31 (75) 59 (20) 40 (19) 0 (4, 20) 0 (20) 10 (20) 9 (20) 58 (77) . .000
.000
8.36 62.6 100. 16 (20) 30 (20) 43 (19) 35 (20) 89 (78) 60 (20) 20 (20) (20) 34 (19) 29 (20) 29 (40) 90 (20) 24 (20) 21 (20) 4 (20) 2 (18) 
(72)
.268 Control Mean t = 2.68
Abbreviations: B(a)P, benzo(a)pyrene; CC.A., co-culture clonal survival assay; Conc., concentration; mM, millimole; M.W., molecular weight; N, number of culture vessels; NC, negative control; %RCE, percent relative cloning efficiency; S.A, standard clonal survival assay; ND, not determined.
'Ifreatment Condition: The experimental design for the transformation assay is described in detail in the Materials and Methods. (25) , and the method is described in detail in Materials and Methods. The correct t-statistic according to the F-test is presented in this Table 2 ). The mean t-statistic for two or experiments for each chemical was weighted according to the number of treatment doses evaluated and averaged to determine the rank t-statistic which was used to rank-order the test chemical transformation responses in Table 3 . Arbitrarily, transformation responses with negative (-) t-statistics were given a value of zero (0). 
